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Reaction of diethyl 5-chloro-1-pentynylphosphonate with primary and secondary amines produces novel
2-amino-1-cyclopentenylphosphonatésin excellent isolated yields (7988%). Calculations supported

by experimental facts point to a two-step mechanism: an initial amine addition to give a zwitterionic
intermediate followed by cyclization and proton transfer. Calculations rule out the formation of an enamine
as an intermediate.

that propynylphosphonate adds secondary amines to form
2-dialkylamino-1-propenylphosphonates but in poor yields{10

. ) . 15%) and contaminated with 2,2-bis(dialkylamino)propanylphos-
organic synthesis for the preparation of other phosphorus- phonate® Chatta and Aguiar reported in 1973 that the addition

g%?;i'iglsng %Oump&%?ﬁizgfl#lﬂx ?gtlvri 'g:ge\f’;ﬂi{jesas r':)tsh?‘o_of R2NH to 1-alkynylphosphonates proceeded in high yields to
group, prep us pnosp produce mixtures off andE)-2-aminoalkenylphosphonates, the
rylated nitrogen heterocycléand the pharmacologically im-

; ; - latter stereoisomer presumably due to the high temperatures
portantf-aminophosphonaté4E)-2-Diethylaminophosphonate employed (refluxing acetonitrile) and to the use of a large excess

was prepare_d in 1963 by Saunders and Simps_on through additiorbf amine® Acheson et al. in 1986 found thabRH added to

of diethylamine to ethynylphosphonltén 1964 it was reported ethynylphosphonate to form mixtures®andZ products’ lonin
+ School of Pharmacy reported that addition of secondary amines to 1-alkynylphos-
* The Lise-Meitner Minerva Center for Computational Quantum Chemistry. Phonates in the presence of Cu(l) salts in polar solvents at

$ Institute of Chemistry. 120 °C gave improved yields and exclusivE)(selectivity®

(1) Some recent references are: (a) Palacios, F.; de Retana, A. M. O; : ;
Pascual, S.. Oyarzabal,1.Org. Chem2004 69, 8767-8774. (b) Palacios,  Deletskaya used an Arbuzov reaction of the corresponding

F.; de Retana, A. M. O.; Pascual, S.; de Munain, R. L.; Oyarzabal, J.;

Introduction

2-Amino-1-alkenylphosphonates are useful intermediates in

Ezpeleta, J. MTetrahedron2005 61, 1087-1094.

(5) Pudovik, A. N.; Khusainova, N. G.; Ageeva, A. Zh. ObshchKhim.

(2) Palacios, F.; de Retana, A. M. O.; Pascual, S.; de Munain, R. L.; 1964 34, 3938-3942.

Oyarzabal, J.; Ezpeleta, J. Metrahedrem 2005 61, 1087-1094 and
references cited therein.
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bromo enamine (at 80110°C) to obtain 2-aminoalkenylphos- ~ TABLE 1. Compounds 1 Obtained From

phonates with retention of stereochemidtrfalacios has  S-Chloro-1-pentynylphosphonate and Amine
prepared 2-amino-1l-alkenylphosphonates by the addition of
primary amines to allenylphosphonates in refluxing acetoni-
trile.1% He has also prepared them by lithiation of phosphonates

® okt
“OEt

5

followed by reaction with nitriled! They have also been N-y , isolated yield; %
prepared by reaction of chloroimines with lithiated methylphos- _1 R amine (conversior)
phonate; however, mixtures of 2-iminophosphonates and 2-ami- a benzylamine 88%98)
noalkenylphosphonates were obtaid&@ur interest in 2-amino- b 'SOPFOP?/'a"?'”e 8875*82)
1-alkenylphosphonates stems from our previous investigations g g'rg;cl’g%ﬁrgme 83((:98;
into the preparation of 3-amino-1-alkenylphosphonates with e cyclohexylamine 79%98)
group IV reagent® We were particularly interested in the recent f methylaminé 85 (>98)
publication by Ma and co-workers on the synthesis of indoliz- g 2-amino-1-propanol 88>(98)
e inAlizidi At ; ; ; h ethanolamine 87%98)
idines and quinolizidines by cyclization involving 5-iodo-1- . .
. . o 1 i 2-methoxyethylamine 87(98)
alkynylphosphonate in refluxing acetonitrile (eq'4). i pyrrolidine 87 ¢98)
k piperidine 87 £98)
_ P(O)(OEt),
- P(O)(OEt)2+ o @ CHC 1 a After silica gel chromatography.Estimated by GC/MS an#P NMR.
| CIH;N Z M ¢ Methylamine 40% in water.

N

region~164 ppm in thé3C NMR spectrum corresponds to C2
split by phosphorus; the other quaternary C1 was not observed.
We decided to reinvestigate the Ma reaction with 5-chloro- ~ Mechanistic Considerations.To choose the most probable
1-pentynylphosphonate and a simpler amine (in its free form). mechanism, experimental facts have to be considered. The
Thus, 5-chloro-1-pentynylphosphonate was allowed to react with difference in the course of the reaction between 5-iodo- and
benzylamine at 23C. On aqueous workup, diethyl 2-benzyl-  5-chloro-1-alkynylphosphonates is striking. In the former case
amino-1-cyclopentenylphosphonatig, was obtained (eq 2). it was suggested that the reaction with amine occurs initially
on the C-I bond followed by deprotonation and addition to

Results and Discussion

=—P(O)(OEt), (IF?),OEI @ the triple bond (eq 13% In our case we clearly have a different
{ o + PhCH,NH;, 7 “OEt mechanism. The first step must be different and therefore
HN involve amine addition to the €C triple bond followed by
Ph

cyclization. This must result from the different reactivity of the
C—1 and C-ClI bonds vis-avis the C-C triple bond.

The present one-pot reaction proceeds very smoothly in the 1 Ne reaction discussed here provides only 2-amino-1-cyclo-
absence of catalysts and inorganic additives. The cyclization is Péntenylphosphonates under different conditions (neat and in
very general for primary and secondary amines and toleratesSOmMe cases in solution). In addition, all reactions under neat
hydroxy groups 1g, 1h) as shown in Table 1. Also, 2-amino-  conditions proceeded at comparable orders and were all
1-cyclopentenylphosphonatek, are essentially a novel class completg within 5 h. These results are different from previous
of compound® and are stable to water and silica gel chroma- observations of Lh_ommet et a!., who found that methyl 7-chloro-
tography. The addition products with secondary amines, such2-heptynoate cyclizes exclusively to the cyclohexenylcarboxy-
as pyrrolidine and piperidine, while also undergoing facile late Wl.th primary amines under.neat conditions but observed
additions to give3-enaminocyclopentenylphosphonaté® o that mixtures of the corresporlldmg'azaheterocycle and' cyclo-
~30 ppm, are more prone to hydrolysis under acidic conditions hexenylcart_)oxylate were obtained in the presence of different
but are nevertheless stable in neutral aqueous solution and orfolvents with and without N&f. Thus, while Lhommet's
silica. reported reaction mechanism involving formation of an enamine

Structuresl were confirmed by GC/MS3IP, 13C, andH supports his results in different solvents (and is probably
NMR, and elemental analysis. The doublet of triplets in‘tHe different und_er neat conditions), we tend to beli_eve that the
NMR spectrum of compoundd in the region~2.8 ppm current reaction (eq 2) shares a common mechanism for all the
corresponds to the allylic hydrogens on C5 split by phosphorus. différent reaction conditions. , ,

Also, the triplet in the region~3.4 ppm is indicative of allylic To gain more insight into the mechanism and examine the
hydrogens on C3 which are shifted downfield due to the POssibility of formation of an enamine intermediate, we
proximity of the nitrogen atom. In addition, the doublet in the Performed a competitive reaction of 1:1 mixtures of 1-hexy-
nylphosphonate and 5-chloro-1-pentynylphosphonate, respec-

(9) Kazankova, M. A.; Trostyanskaya, I. G.; Lutsenko, S. V.; Beletskaya, tively (either neat, in THF, or MeOH), with 2 equiv of

I. P. Tetrahedron Lett1999 40, 569-572. benzylamine or isopropylamine. These experiments resulted
96%0) Palacios, F.; Aparicio, D.; Garcia, Tetrahedronl996 52, 9609 exclusively in the formation of the 2-amino-1-cyclopente-
(1i) Palacios, F.; de Retana, A. M. O.; Oyarzabal etrahedron Lett. nylphosphonatesa or 1b, respectively (eq 3, Table 1).

1996 37, 45774580.
(12) Xiao, J.; Yuan, CHeteroatom Chen00Q 11, 541-545. 9 OFt
B-

(13) Some recent references: (a) Quntar, A. A.; SrebnikOkg. Lett =——P(0)(OEt), /—=—P(O)(OEt), N
2001, 3, 1379. (b) Quntar, A. A.; Srebnik, Ml. Org. Chem 2006 71, { . < 2 RNH, 7 OEt 3)
Cl

730-733. (c) Quntar, A. A.; Srebnik, Ml. Organomet. Chen2005 690, HN_

2504-2514. (d) Dembitsky, V. M.; Quntar, A. A.; Haj-Yehia, A.; Srebnik, R

M. Mini-Rev. Org. Chem2005 2, 343-357. 1 1a. R=benzyl
(14) Zhu, W.; Dong, D.; Pu, X.; Ma, DOrg. Lett 2005 7, 705-708. 1b. R-isopropyl
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SCHEME 1. Possible Mechanism of Formation of 1f Q" L
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In addition we found a rate acceleration of about 1 order of a 3 ¢ b
magnitude in favor ofl formed from 5-chloro-1-pentynylphos-
phonate and benzylamine or ethanolamine (estimafedf FIGURE 1. Calculated energy profile of (a) methyl amideaddition

approximatey 1 h at 25°C) compared with enamine formation Eg)dieth%" I5'Ch_'Oég'1&2?_”W”V|§_h°ﬁﬂg°”ﬁ;‘e fogowed by %Cﬁza;ion and
) ; ; methyl amineE-addition to diethyl 5-chloro-1-pentynylphosphonate.
frortr_l 1th3xyny]!phbospthfgé;]te tazné:icthe same primary amines Energies (in kcal/mol) are obtained at the B3LYP/6-31G* level of
(es Imatedy or abou a ): . . calculation with PCM. Only the nitrogen’s hydrogens are depicted.
Since an inductive effect of the chloride over four bonds is
an unlikely explanation for the selectivity observed in the @

competitive experiments, we believe that the mechanism does 9, g, ;

not involve formation of an enamine. Calculations performed °2 pad ® % q &

addressed this mechanistic question (see the Experimental %266 ‘:231

Section for details). The calculations considered theom- ,-"'!"'?‘3‘-\ o,

pound obtained from diethyl 5-chloro-1-pentynylphosphonate / Y / \

and methylamine as a model. Following our assumption that __,f’ \__ / 421

the same mechanism takes place in different environments (neate &gz Y el nts

MeOH, THF, etc.), it is reasonable to assume that the surround- ey @ 108 %5 ot o 2%,4 o

. .. . 4 Et 3 ;4 Et & =Et

ing molecules participate only through solvation effect and do o ;2 ¢4 nt3 %9, 04 B e
i i i L e ., @ @

not have a chemical role in the reaction mecharfistherefore, o2 27,40

the suggested mechanism, see Scheme 1, involves no participa a “;j ° b

tion of external molecules. It is a stepwise mechanism where
the first step involves an initial addition of the amine to the FiGURE 2. Calculated energy profile of: (a) C-cyclization and (b)
triple bond to give a zwitterionic intermediate, while the next N-cyclization of enamine. Energies (in kcal/mol) are obtained at the
steps involve cyclization followed by proton loss leading to the B3LYP/6-31G* level of calculation with PCM. Only nitrogen’s
2-amino-1-cyclopentenylphosphonates. hydrogens are depicted.

The zwitterionic intermediate could proceed througiZa v qrogen hond between the amine and the phosphonate. Hence,
transition state where the amine group is cis to the phosphonatey,o higher barrier obtained for path b is clear.
group (as depicted in Scheme 1 am8-al in Figure 1a). Furthermore, cyclization is best achieved by starting from
Conversely, the amine group can be situated trans to they,e 7 intermediate, where the lone pair is properly positioned
phosphonate leading to d&htransition state(S-blin Figure 4, egtaplish overlap with the -€CI bond orbitals. Thus,
1b). Parts a and b of Figure 1 summarize the relative energies g jations of the second step involved only thewitterion
of both theZ andE TSs and intermediates along the first step (Figure 1a). As can be seen, the barrier for the cyclization
of the reaction profile, respectively. Additional results at various .o tion is not high (amounting to around 19 kcal/mol) at the

calculation levels are given as the Supporting Information. g3, yp/6-31G* level and is even lower with larger basis sets
The results show that in the first step, which involves amine (Tapje 1S in the Supporting Information). This result agrees
addition, the respective barriers of the two paths differ. The \e|| with the experimental observations that the reaction is
higher barrier is obtained for path b, which results in B |g|atively fast and proceeds at ambient temperature.
zwitterion. TheZ intermediate, where the amine is situated trans  Eing|ly, our calculations so far did not preclude the possibility
to the lone pair of the aniomt-al, gains additional stabilization 4 enamine formation, especially in the case of protic solvents,
compared to th& intermediatejnt-bl, due to both hypercon-  gjnce we did not demonstrate that the environment is indeed
jugation effects of carbaniotfsas well as the existence of & o chemically reactive. Our assumption is that involvement of
—— — . — . an enamine would lead to N-alkylation as was earlier observed
W (15)612"2”2‘2’;?(10?’_"&/";-2?nirra"\‘,’\'/”sF'gy m;ggg%?'”;g'éggsw'eczorekv M. by Lhommet® Therefore, we calculated the reaction barrier for
(16) David, O.; Fargeau-Bellassoued, M. C.; LhommetT&rahedron both C- and N.-cycllzatlon qf the enamine, Fllgure 2. Addmongl
Lett. 2002 43, 3471-3474. results at various calculation levels are given as Supporting
§17) |nttﬁe SFIJECi,al C"?‘ts_e Ofapzogiheqv"o?me{?t SU(;ft‘haS m%thy_lamiﬂe i%lnformation (Table 2S). We found that in both cases (C- or
water or ethanolamine, It IS expecte! at protonation o e carpanion snou ~ : . - H - : H
be rapid. However, as indicated by calculations (unpublished) this step is N Cy_cllzatlon) the overal_l barrier for cyclization is pr_edlcted to
reversible. Therefore, the direct cyclization of the carbanion, which leads b€ higher when the reaction proceeds through enamine compared
to a very stable compound, serves as the driving force for the reaction andwith cyclization that follows the zwitterionic intermediate,
p“ﬂ‘g)séh.e system toward its thermodyhamically stable product. . suggesting that the latter would be the preferred mechanism.
piots, N. D.; erry, i alk, S>.; vyates, R. L.; bernaral, . . . . .
Structural Theory of Organic Chemistry. Tropics in Current Chemistry Moreover, the reaction barrier is found to b? Sl'gh“)_/ Io.wer for
Springer: Berlin, Germany, 1977; Vol. 70, pp-242. N-alkylation when compared to C-cyclization. This in turn
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suggests that if enamine was an intermediate in the reaction,

we would expect to obtain a mixture of both C- and N-
cyclization with a ratio that favors the N-cyclization. This is
obviously not the case, thusading us to conclude that the
synthesis of the n@l group of compounds proceeds through
a unique mechanisnpinvolving the formation of a zwitterion
followed by direct cyclizatioA®

Experimental Section

General Procedure for the Synthesis of 1To 0.238 g (1 mmol)
of diethyl 5-chloro-1-pentynylphosphonate we added 2 mmol of
the amine in a screw-capped 10 mL vial. After being stirred for 5
h at 25°C, the reaction mixture was washed with aqueous 0.1 N
NaHCG; solution, extracted with C¥Cl, (2 x 20 mL), separated

(19) Note that we did not investigate the corresponding 5-iodo and

JOC Article

on a silica gel column (10% methanol:90% dichloromethane), and
analyzed by GC/MS, elemental analysis, and NMR spectroscopy.

Competitive Reactions.To 1 mmol of diethyl 5-chloro-1-
pentynylphosphonate and 1 mmol of diethyl 1-hexynylphosphonates
we added 2 mmol of either benzylamine or isopropylamine in a
screw-capped 10 mL vial. After the solution was stirred3d at
25 °C the products were analyzed 8% NMR and GC/MS. Only
compoundsla or 1h, respectively, were detected. Similar results
were obtained when the reactions were conducted in solution: 1
mL of THF or MeOH for 10 h at 25C.

ty Calculations. To 1 mmol of diethyl 5-chloro-1-pentynylphos-
phonate, or 1-hexynylphosphonate we added 2 mmol of benzy-
lamine or ethanolamine in a screw-capped 10 mL vial af@5
The reactions were followed b$P NMR and GC/MS. The;,
values for formation ofia and1h were each estimated to be 1 h.
Thet,, for the addition of either benzylamine or ethanolaminbe to
diethyl 1-hexynylphosphonate was estimated to be 10 h.

Computational Details. All the calculations were performed

5-bromo alkynylphosphonates since Ma has already demonstrated thatyith the Gaussian 03 program packdg&eometries were gradient-

5-iodo-1-alkynylphosphonate reacts with amines to give azaheterocycles
presumably by an initial & attack on the €1 bond. In addition it is known

that bromides are intermediate in their activity between iodides and chlorides.
Thus, we believe that their investigation would not provide any additional
insight to the mechanistic interpretation.

(20) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.;
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.;
Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,
A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D,;
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. Baussian 03
Revision B.04; Gaussian, Inc.: Pittsburgh, PA, 2003.

(21) Gonzalez, C.; Schlegel, H. B. Chem. Physl1989 90, 2154-2161.

(22) Miertus, S.; Scrocco, E.; TomasiJl.Chem. Physl981, 55, 117—

129.
(23) Tomasi, J.; Persico, MChem. Re. 1994 94, 2027-2094.

optimized and characterized by frequency analysis. Profiles were

ascertained by following the reaction path, using the intrinsic
reaction coordinate (IRC) technique with mass-weighted coordi-
nates?! The effect of the solvent on the reaction profile was
calculated with use of the PCM mocfél.23
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